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INTRODUCTION
One of the techniques for Hg capture in coal-fired boilers involves injection of activated carbon (AC) into the boiler downstream of the air preheater. Hg is adsorbed onto the AC particles and onto the fly ash, which are then both removed in an electrostatic precipitator or baghouse. While field trials with AC injection have demonstrated the ability to remove significant fractions of the Hg at some units, there are also problems in using AC for Hg capture. Activated carbon is relatively expensive, leading to very high projected costs for Hg capture (Ref. 1, 2). The AC can increase opacity at units with electrostatic precipitators, due to increased particulate loading and the low resistivity of AC particles. The feed rates of AC required to control Hg can also result in significant increases in the carbon content of the ash. However, fly ash used in concrete must have carbon contents of 4% or less in order that the concrete have acceptable mechanical properties. This has raised concerns that widespread use of AC for Hg capture will eliminate concrete as a viable market for re-use of ash, thereby greatly reducing the percentage of coal ash which can be re-used. 
EXECUTIVE SUMMARY
One of the techniques for Hg capture in coal-fired boilers involves injection of activated carbon (AC) into the boiler downstream of the air preheater. Hg is adsorbed onto the AC particles and fly ash, which are then both removed in an electrostatic precipitator or baghouse.
This project addresses the issues of Hg on activated carbon and on fly ash from a materials re-use point of view. It also addresses the possible connection between SCR reactors, fly ash properties and Hg capture. The project is determining the feasibility of separating AC from fly ash in a fluidized bed and of regenerating the separated AC by heating the AC to elevated temperatures in a fluidized bed. The temperatures needed to drive off the Hg from the ash in a fluidized bed are also being determined. Finally, samples of fly ash from power plants with SCR reactors for NO x control, are being analyzed to determine the effect of SCR on the ash. These analyses will also determine the properties of ash which are important for Hg capture.
Progress made during the last year is described in the following paragraphs:
Task 1 experiments were performed with a mixture of activated carbon and fly ash to determine to what extent the activated carbon and naturally occurring carbon can be separated from the remainder of the mixture in a fluidized bed. The data show segregation is very sensitive to superficial gas velocity, with the strongest segregation occurring at superficial velocities of 0.7 to 0.8 cm/s. At these conditions, the carbon content at the top of the bed was approximately 27% and it was less than 17% in the bottom layer. Very little or no carbon segregation occurred at velocities much lower or higher than 0.7 to 0.8 cm/s. Samples of AC/Ash obtained from each layer of the bed during the tests at 0.6, 0.7 and 0.8 cm/s were analyzed for Hg content using the LECO Hg Analyzer. These results show a strong dependence of Hg capture on particle carbon content, with the Hg content approaching a value close to zero as LOI approaches zero.
Task 2 experiments were performed with the AC/ash mixture in a heated fluidized bed to determine the temperature at which Hg is driven off. The data from each test show a relatively constant Hg concentration until a temperature of approximately 320 to 380°C was reached, after which the Hg concentration decreased rapidly with temperature. The Hg concentration approached zero at temperatures close to 500°C.
One activated carbon/ fly ash mixture has been tested, so far, in Tasks 1 and 2. This mixture was obtained from a Hg-capture field trial at a utility boiler. The extent of the ability to separate carbon from non-carbonaceous ash constituents in a fluidized bed will vary from boiler to boiler due to differences in particle size and density distributions. We also suspect the Hg desorption temperature varies with the physical and chemical characteristics of the AC/ash mixture. As additional Hg-capture field trials are carried out and we are able to obtain additional suitable AC/ash samples, we plan to perform more experiments on carbon separation and Hg desorption.
During this last year, considerable effort went into using Scanning Electron Microscopy and Transmission Electron Microscopy to study the physical and chemical characteristics of the AC/ ash mixture used for the Task 1 and 2 experiments. Five distinct morphologies have been identified: large (30-100 µm), irregularly-shaped carbon particles, 0.1 to 20 µm spherical alumino-silicate particles, 50-100 µm hollow carbon particles with porous walls, fine 50-200 nm amorphous carbon particles, and large 20-50 µm angular activated carbon particles. With this background, we will now be able to carry out a semi-quantitative evaluation of how the various components redistribute during the fluidized bed separation experiments.
We've also been searching for Hg in the ash and AC, but the Hg concentrations are too small to detect by either TEM or XPS analyses. We plan to artificially dope samples of ash with Hg to high enough levels to make it possible to detect the presence of Hg. If we are successful in doing this, we hope to be able to determine the nature of the carbon particle to which Hg attaches and the type of Hg compound which is captured.
We have obtained preliminary results from XPS analyses on the effects of an SCR reactor on fly ash surface chemistry. The data show differences in Cl, S and Fe, but further analyses are needed to reach firm conclusions. It is planned to carry out these analyses in the next several months. The activated carbon used in Hg capture field trials sponsored by EPRI and DOE has approximately the same mean particle size as fly ash (15 to 20 µm mass mean diameter), but has a particle density significantly less than that of ash due to the high porosity of activated carbon. This difference in particle density may make it possible to separate the bulk of the spent activated carbon from the fly ash in a fluidized bed, and the first group of experiments will determine the bed operating conditions needed to accomplish this.
Previous research by the Principal Investigator on the behavior of fly ash in bubbling fluidized beds showed that, under normal circumstances, fly ash can be difficult to fluidize. The very small particle size leads to significant attractive (Van der Waal) forces between particles which can make the ash cohesive. Fly ash falls into the category of Geldart type C powders, which exhibit gas channeling and spouting, instead of bubbling (Ref. 6). However, previous research has shown that cohesive powders can be made to bubble in a gas fluidized bed with the assistance of high intensity sound (Ref. 7 and 8) . above the free surface of the bed. The high intensity sound waves agitate the bed material, disrupt the inter-particle forces, and make it possible to obtain stable bubbling. This task is determining the potential for removing Hg from spent activated carbon and fly ash, using a heated bubbling fluidized bed. There is an extensive internal micropore structure in activated carbon, and the rate of Hg removal is likely to be limited by decomposition temperature and by mass transfer processes within the particles. The majority of fly ash particles are solid, having formed as molten ash solidifies in the colder sections of the boiler. As a consequence, the kinetics of Hg removal from fly ash is more likely controlled by decomposition temperature and mass transfer coefficient at the particle surface.
Gas fluidized beds operated with superficial gas velocities well in excess of minimum bubbling velocities are characterized by excellent gas-solid contacting, which results in high rates of both heat and mass transfer between gas and solids. Combined with the ability to fluidize fine particles with very low gas velocities (and, as a consequence, very low gas flow rates), the fluidized bed becomes the logical choice for removing Hg from the large volumes of ash and activated carbon which flow out of a boiler. Hg desorbed from the AC or ash will be in a highly concentrated form in the fluidizing gas and will be readily amenable to capture.
The experiments are being performed in a 15 cm diameter batch fluidized bed equipped with an in-bed cylindrical electrical resistance heating element to raise the temperature of the bed material to temperatures in excess of 400°C. As with the equipment used in the previous task, this bed is fluidized with air, and it has a loud speaker above the bed vessel to allow acoustic excitation of the bed material.
Thermocouples immersed in the bed are used to measure bed temperature, and air flow rate is measured with a rotameter.
The experimental procedure involves loading the material to be tested into the bed, turning on the loud speaker and the room temperature fluidization air, and then turning on the in-bed electrical heater. As the bed material gradually heats up, small samples of material are removed from the bed. This process is continued until the maximum desired temperature is reached. After being cooled, the samples are analyzed for Hg content using Atomic Absorption Spectroscopy. The data are then arranged in the form of % Hg removal as a function of bed temperature. • Microanalysis of the AC -a combination of high resolution electron microscopy (HREM) and EELS in the JEOL 2000FX TEM is being explored as a way to structurally characterize the porosity and structure of the AC. If the Hg is atomically dispersed throughout the AC network structure, then it will be impossible to image. If however the Hg segregates to form nm scale particulates either on or within the AC, z-contrast ADF imaging in the TEM may allow us to detect their presence.
• Surface Area Measurements (not yet attempted) -BET N 2 gas absorption experiments can be used to determine the surface area and porosity of the AC materials. These will be carried out both before and after Hg thermal desorption, in order to determine if the heat treatment has a deleterious effect on the absorptive properties of the AC.
• • Surface Chemistry Analysis -X-ray Photoelectron Spectroscopy (XPS) in a Scienta ESCA instrument is being used to study the surface chemistry of a small selection of samples. In each experiment, the bed was fluidized for 10 minutes to assure steady state conditions, and the fluidizing air was then abruptly turned off. As described in the previous section, the bed material was then removed from the bed, layer by layer. and it was less than 17% in the bottom layer. Very little or no carbon segregation occurred at velocities much lower and higher than 0.7 to 0.8 cm/s (Figure 2 .8).
Fluidized bed particle segregation, based on particle density and size is controlled by bubbling in the bed. At velocities close to minimum bubbling, there is insufficient bubbling to transport the low-density particles towards the free surface and the high-density particles towards the distributor. At much higher velocities, the bubbling is much more intense, and this maintains the bed material in a well-mixed state and prevents particle segregation. 
Additional Testing Planned
One activated carbon/fly ash mixture has been tested, so far, in Tasks 1 and 2.
This mixture was obtained from a Hg-capture field trial at a utility boiler. The extent of the ability to separate carbon from non-carbonaceous ash constituents in a fluidized bed will vary from boiler to boiler due to differences in particle size and density distributions.
As additional Hg-capture field trials are carried out and we are able to obtain additional suitable AC/ash samples, we plan to perform more experiments on carbon separation and Hg desorption.
Task 2. Removal of Hg from Activated Carbon and Fly Ash
Experiments were performed with the AC/ash mixture used in Task 1 to determine the temperature at which Hg is driven off. These experiments were performed in the heated fluidized bed, using the procedure described in the "Experimental" section. Once the bed was fluidized and the electrical heater turned on, an experiment lasted from one to 1.5 hours. As the temperature of the bed gradually increased with time, small samples of bed material were removed from the bed and analyzed for Hg content using the LECO Hg Analyzer. shows a typical low magnification SEM micrograph of the fly ash sample in which a diverse range of morphologies and particle sizes can be observed. In order to make progress with evaluating the effectiveness of the separation processes that form the basis of this project, it was essential that we were able to classify the various morphologies present. Hence, a substantial SEM and TEM characterization effort was made on this material in an attempt to gain the ability to recognize the particle types present. Four main types of particles were identified. The first characteristic morphology shown in Figure 2 .14a is of large (30-100 µm) irregular shaped particles that were identified by EDS (Figure 2 .14b) to be essentially unburnt carbon or charcoal.
A second very characteristic morphology is that of spherical particles that have a hierarchy of sizes ranging from 0.1 to 20 µm in diameter, as shown in Figure 2 .15a.
The surface of these spheres is always decorated with fine 'debris' of another material.
EDS spectra from these spheres (Figure 2 .15b) show them to be alumino-silicate in nature. Their smooth shape and minimum surface are configuration suggest that they have at some stage been molten in the boiler. The particle morphologies identified in this task will be used to characterize the nature of the various samples we will be working with in Tasks 1 and 2.
Task 3(b): Morphology of 'Pure' Activated Carbon
A sample of 'pure' activated carbon was also subjected to detailed SEM and TEM examination. • The 'after' SCR material has a significant surface Cl content, while the 'before' SCR material is essentially devoid of Cl.
• The surface S signal in the 'after' SCR sample is about half of that observed in the 'before' SCR sample.
• The surface Fe content shows the opposite trend to the S signal. It increases by about 50% in the 'after' SCR sample. The other surface concentrations of the other elements were essentially the same in both the 'before' and 'after' SCR specimens.
We have ash samples from other boilers obtained from upstream and downstream of SCR reactors which we will be analyzing using TEM and XPS in Year 2.
We will defer discussion of the significance of surface chemistry differences until we obtain those results.
SUMMARY AND CONCLUSIONS Task 1: Separation of Activated Carbon and Fly Ash in a Fluidized Bed
Experiments were performed with a mixture of activated carbon and fly ash to determine to what extent the activated carbon and naturally occurring carbon can be separated from the remainder of the mixture in a fluidized bed. The data show segregation is very sensitive to superficial gas velocity, with the strongest segregation occurring at superficial velocities of 0.7 to 0.8 cm/s. At these conditions, the carbon content at the top of the bed was approximately 27% and it was less than 17% in the bottom layer. Very little or no carbon segregation occurred at velocities much lower or higher than 0.7 to 0.8 cm/s.
Relation Between Mercury Concentration and Carbon Content
Samples of AC/Ash obtained from each layer of the bed during the tests at 0.6, 0.7 and 0.8 cm/s were analyzed for Hg content using the LECO Hg Analyzer. These results show a strong dependence of Hg capture on particle carbon content, with the Hg content approaching zero as LOI approaches zero.
Task 2: Removal of Hg from Activated Carbon and Fly Ash
Experiments were performed with the AC/ash mixture in a heated fluidized bed to determine the temperature at which Hg is driven off. The data from each test show a relatively constant Hg concentration until a temperature of approximately 320 to 380°C was reached, after which the Hg concentration decreased rapidly with temperature.
The Hg concentration approached zero at temperatures close to 500°C.
We also suspect the Hg desorption temperature varies with the physical and chemical characteristics of the AC/ash mixture. As additional Hg-capture field trials are carried out and we are able to obtain additional suitable AC/ash samples, we plan to perform more experiments on carbon separation and Hg desorption. We've been searching for Hg in the ash and AC, but the Hg concentrations are too small to detect by either TEM or XPS analyses. We plan to artificially dope samples of ash with Hg to high enough levels to make it possible to detect the presence of Hg. If we are successful in doing this, we hope to be able to determine the nature of the carbon particle to which Hg attaches and the type of Hg compound which is captured.
Task 4: Effect of SCR on Ash Properties
We have obtained preliminary results from XPS analyses on the effects of an SCR reactor on fly ash surface chemistry. The data show differences in Cl, S and Fe, but further analyses are needed to reach firm conclusions. It is planned to carry out these analyses in the next several months.
